Introduction
The International Union of Pure and Applied Chemistry (IUPAC) classifies porous materials into three types depending on their pore sizes: microporous materials with pore sizes below 2 nm, mesoporous materials with pore sizes between 2 and 50 nm, and macroporous materials with pore sizes larger than 50 nm [1] [2] [3] . Mesoporous materials exhibit several geometric mesostructures (lamellar, two-dimensional (2D) hexagonal, three-dimensional (3D) hexagonal and cubic), morphologies (powder, nanoparticles and film), and framework compositions (inorganics, organics, metals and metal oxides; figure 1). Various applications have been proposed for each mesoporous material. Mesoporous materials are widely used as hosts because they are capable of encapsulating bulky molecules into mesopores that cannot be achieved using microporous materials, such as zeolites. In addition, mesoporous materials have a high surface area, uniform and tunable pore sizes, and various morphologies and compositions, which favor their applications in various fields including environmental energy, optics, medicine, electronics and biotechnology.
Since the first synthesis of the FSM and M41S families in 1990 s by Kuroda et al. in Japan [4] and the Mobil Oil Corporation in USA [5] , mesoporous 'silica' materials have been widely investigated. In the meantime, mesoporous 'transition metal oxides' have also attracted much attention because they exhibit both intrinsic optical and electronic properties of transition metal oxides and the advantages of mesopores [6] [7] [8] [9] . Among mesoporous transition metal oxides, mesoporous titania (TiO 2 ) is one of the most intensively studied materials owing to its versatile applications.
In the mid-1990 s, Antonelli and Ying synthesized the first mesoporous TiO 2 powder with a highly organized hexagonal pore structure by combining the phosphate surfactant templating chemistry with a modified sol-gel process [10] . Since then, similar approaches with various titanium sources or templating surfactants have also been presented for the synthesis of ordered mesostructured (template was preserved) or mesoporous (template was removed) TiO 2 with diverse morphologies [11] [12] [13] .
The high performance of mesoporous titania in photocatalysis and optical devices has been known since the early 20th century. Mesoporous titania materials are expected to play an important role in solving environmental and pollution challenges and easing the energy crisis through the effective utilization of solar energy based on photovoltaic devices. Some of the attractive features of mesoporous titania nanoparticles (MTNs) are their high surface area, pore size, larger pore volume and ordered porous structure, which result in a high density of reactive sites and an efficient mass transport. In this review, we focus on the preparation methods, morphology control and applications of mesoporous titania materials.
Synthesis methods

Mesoporous titania bulks
Similarly to the synthesis of mesoporous silica, the synthesis of mesoporous titania also requires a surfactant as a structure-directing agent and a material source. However, different from silica, titania sources, such as titanium alkoxides and titanium tetrachloride, usually undergo very rapid hydrolysis and condensation, resulting in the precipitation of TiO 2 without the formation of mesopores. Therefore, a careful control of synthesis conditions is critical. For instance, Ulagappan and Rao successfully prepared 2D hexagonal mesoporous TiO 2 using neutral amine surfactants and Ti(OPr) 4 as a titanium source [11] . Froba et al attempted to use three different bidentate ligands (1,3-propanediol, 1,5-pentanediol and 2,4-pentanedione) to modify the reactivity of titanium tetraisopropoxide and obtain ordered mesostructured TiO 2 [12] . Niessen et al prepared Ti-based MCM-41 materials using (NH 4 ) 3 [Ti(O 2 )F 5 ] as a novel titanium source [13] . They also compared the effects of different surfactants with dissimilar chain lengths to vary the pore sizes from 16 to 27 nm.
In 1999, Antonelli proposed a phosphorous-free synthesis method for mesoporous titania that combined amine surfactants and dry aging [14] . The phosphorous originating from the templating surfactants is difficult to remove Sci. Technol. Adv. Mater. 13 (2012) 013003 Topical Review by either calcination or solvent extraction [10] . This drawback limits the possible uses of phosphorous-containing mesoporous titania as a catalyst or catalyst support. Therefore, the phosphorous-free synthesis method is very important for mesoporous pure titania materials. The preparation of mesostructured phosphorus-free titanium oxide in the presence of Na + and TMA + (tetramethyl ammonium hydroxide) using a cationic surfactant (CTABr) as a structure-directing agent and soluble peroxytitanate as a precursor, respectively, was also reported [15] . Yang et al described the synthesis of thermally stable and large-pore mesoporous metal oxides using block copolymers as structure-directing agents [16] . Zheng et al synthesized mesoporous titania with a mixture of organic compounds as a non-surfactant template [17] . However, the complexity of the phosphorous-free synthesis of mesoporous titania urged researchers to seek facile and time-saving methods for preparing well-crystallized mesoporous titania materials.
Mesoporous titania films
Over the last decade, a number of synthesis procedures for mesoporous titania films have been developed by different groups, and several recent papers have focused on the effects of the aging condition, the pH of the precursor solution, and the calcination temperature on the mesostructural ordering. The most convenient method of preparing mesoporous titania films is solvent evaporation, which was first proposed by Ogawa [18, 19] . Through the coating of precursor solutions, which include ethanol, inorganic species and surfactants, mesoporous titania films with various mesostructures, such as lamellar and 2D hexagonal mesostructures, can be prepared [20] [21] [22] [23] [24] . Yun et al reported the first example of anatase-crystallized mesoporous titania thin films with a 2D hexagonal mesoporous structure using the solvent evaporation method (figure 2(a)) [20] . Smarsly et al also applied the solvent evaporation method to fabricate highly organized mesoporous anatase films by the hydrolysis/condensation of TiCl 4 in the presence of polyhydroxybutyrate-(polyethylene oxide) block copolymer templates [22] . The solvent evaporation method, which is commonly called the evaporation-induced self-assembly (EISA) method, is employed to rapidly produce mesoporous titania films. In most cases, TiCl 4 was chosen as a titanium source, but the control of the hydrolysis is more difficult for TiCl 4 than for other titanium sources. In addition, the pH of the precursor solution is reduced to very low values after the addition of TiCl 4 . Titanium tetraisopropoxide (TTIP) is an alternative titanium source which results in a high reproducibility of the synthesis and is easy to handle. Wu et al found that the low aging temperature slowed down the hydrolysis and condensation reactions of TTIP that favored the formation of a highly ordered structure (figures 2(b) and (c)) [23] . Very recently, Nilsson et al developed a new direct synthesis methodology by using a microemulsion route for the preparation of mesoporous titania films with a 2D hexagonal mesostructure [24] . The crystallinity and crystallite size in the pore walls were controlled within an acceptable range at 
40
• C without the need for an autoclave or high-temperature post-treatment procedures, which makes this technique very interesting for crystal engineering with mesoporous materials.
Hierarchical mesoporous titania
Recently, titanium materials with a hierarchical structure have also attracted some interest. Carbajo et al prepared a hierarchically 3D-ordered meso-and macro-porous titania material using arrays of latex particles with different compositions as templates and titanium tetraisopropoxide as the precursor [25] . Ma et al synthesized hierarchically mesoand macro-porous titanium tetraphosphonate materials with ethylenediamine groups within the framework by a simple surfactant-free process in a very wide pH range of 3-13 [26] . They found that pH strongly affected the morphology and texture of the resultant titanium phosphonate materials.
Mesoporous titania nanoparticles (MTNs)
Before the discovery of MTNs, several types of titania nanoparticles lacking a mesoporous structure were widely synthesized. In 2000, Wang et al prepared well-defined TiO 2 spheres using a titanium tetraisopropoxide (Ti(OPr) 4 ) precursor under static conditions [27] . Han et al synthesized highly crystalline TiO 2 nanocrystals with various shapes and crystal structures via controlled sol-gel reactions in aqueous media without further hydrothermal treatment [28] . Shibata et al directly synthesized crystalline titania particles by varying temperature and reaction time in the sol-gel reaction process [29] . Choi et al investigated the effects of the type and concentration of surfactant (e.g. T20, T80 and X100) on the homogeneity, morphology, light absorption, dye adsorption and degradation, and hydrophilicity of TiO 2 particles [30] . Hafez synthesized highly active single-crystal TiO 2 nanorods via a simple two-step hydrothermal method [31] . Tanaka et al prepared monodispersed titania spheres with a diameter in the range of 380-960 nm by the hydrolysis and condensation of titanium tetraisopropoxide. They used ammonia or dodecylamine as a catalyst in a methanol/acetonitrile co-solvent at room temperature [32] . More facile and direct methods to synthesize titania nanoparticles have appeared recently, providing numerous benefits to applications. The lack of pores in the nanoparticles usually results in a low surface area. Consequently, many researchers focus on the synthesis of titanium nanoparticles with mesopores (namely, MTNs). These materials should be of interest in various fields, such as sensing, photoelectric devices and biotechnology.
MTNs have been widely studied in recent years. In 2007, Kim and Kwak synthesized MTNs by hydrothermal treatment [33] . They found that hydrothermal treatment significantly affects the physical properties of mesoand macro-porous TiO 2 , particularly crystal composition, crystallinity, thermal stability, surface area, pore size distribution and photocatalytic activity. The Caruso group reported the synthesis of crystalline, mesoporous TiO 2 beads with surface areas up to 108.0 m 2 g −1 and tunable pore sizes (14.0-22.6 nm) through a facile combination of sol-gel and solvothermal processes ( figure 3(a) ) [34] . In 2010, Guo et al fabricated two types of 3D mesoporous TiO 2 microspheres using various titanium sources via a one-step solvothermal process without templates [35] . Sun et al reported a facile hydrolysis method for the synthesis of spherical MTNs using titanium tetrachloride under mild conditions [36] . They systematically investigated the effects of reaction conditions, such as Ti 4+ ion concentration and water content, on the formation of MTNs. The Caruso group prepared monodispersed mesoporous anatase titania beads with a high surface area and a tunable pore size through a combined sol-gel and solvothermal process in the presence of hexadecylamine as a structure-directing agent [37] . Wang et al prepared mesoporous titania spheres with a high monodispersity by employing monodispersed poly(styrene-co-methacrylic acid) (PSMAA) particles. The spheres had an average diameter of about 130 nm and a pore size of about 4 nm [38] . Hollow titania spheres are another interesting MTN morphology [39, 40] . In 2007, Li et al synthesized hollow titania spheres with a unique urchin-like shape and a tunable interior structure ( figure 3(b) ) [39] , and Ye et al prepared TiO 2 hollow microspheres with an average external diameter of 1.75 µm by a simple hydrothermal method [40] .
The synthesis of MTNs can be assisted by ultrasound. Wang et al prepared MTNs with a high surface area using ultrasonication, completing the process within a few hours [41] . Mesostructured TiO 2 was obtained with ultrasound irradiation, using octadecylamine as the structure-directing agent and Ti(OPr) 4 as the precursor. Yu et al synthesized mesoporous TiO 2 without using any surfactant by intense ultrasound irradiation for a short time [42] . Monodispersed TiO 2 sol particles were formed initially by the ultrasound-assisted hydrolysis of titanium tetraisopropoxide modified with acetic acid. Then, the mesoporous particles were produced by the controlled condensation and agglomeration of the sol nanoparticles under intense ultrasound irradiation.
Spray drying is a facile, reproducible and scalable technology for the fabrication of mesoporous particles [43] [44] [45] [46] [47] [48] [49] . During this process, a precursor solution consisting of inorganic species, surfactants and solvents is sprayed through a nozzle into a hot chamber with the aid of a gas stream. The evaporation-induced self-assembly of droplets is the main mechanism to create mesoporous particles. Since its first report in 1999 [43] , this process has been used to fabricate mesoporous particles with different sizes, internal structures and compositions, including silica, organosilica, carbon, and metal oxides [44] [45] [46] [47] [48] [49] .
Oveisi et al proposed a facile, reproducible and scalable spray-drying synthesis method for mesoporous titania spheres ( figure 3(c) ) [50] . Their size and crystal phases (anatase and rutile) were changed by varying the calcination temperature [50] . The surface areas and pore volume were reduced by increasing the calcination temperature from 350 to 700
• C, while the average pore diameter was increased. This is due to the distortion of the mesostructure by the grain growth of the anatase phase and further transformation to the rutile phase during the calcination process. The mesoporous titania particles calcined at 400
• C exhibited both a high surface area and a well-developed anatase phase, thereby showing the highest photocatalytic activity.
Applications
Since the beginning of the last century, TiO 2 materials have been extensively used in sunscreens, paints, ointments and toothpaste. Later on, the phenomenon of photocatalytic splitting of water on a TiO 2 electrode under UV light was discovered. Since then, much effort has been devoted to the development and application of TiO 2 materials in photovoltaics, photocatalysis, photo-electrochromics and sensors [51] .
Photocatalysis
TiO 2 is known as the most efficient and environmentally friendly photocatalyst. The principle of TiO 2 photocatalytic properties is straightforward [52] [53] [54] . Upon the absorption of light with an energy larger than the band gap of TiO 2 , electrons are excited from the valence band to the conduction band, creating electron-hole (e − -h + ) pairs. These e − -h + pairs migrate to the surface and react with the chemicals adsorbed there. This photocatalytic process usually involves one or more radicals or intermediate species, such as OH, O − 2 , H 2 O 2 , or O 2 , which play an important role in the photodecomposition. Surface area and crystallinity affect the photocatalytic efficiency of mesoporous TiO 2 materials: a larger surface area increases the reaction rate, whereas the presence of amorphous phases promotes e − -h + recombination, thereby decreasing photocatalytic activity. Surfactants, triblock copolymer and many organic compounds have been used to prepare mesoporous TiO 2 . Solvent extraction or thermal treatment was then applied to remove the surfactants used in the preparation process. The photocatalytic activity of the obtained amorphous TiO 2 is usually insignificant. However, calcination at a high temperature results in the collapse of the mesoporous framework and the reduction in surface area because of the crystallization of TiO 2 . For this reason, it is still a challenge to synthesize mesoporous TiO 2 materials containing highly crystalline anatase walls and a large surface area.
To overcome this issue, Linden et al have used protons in acid media to slow down the condensation [55] . Peng et al have reported a hydrothermal synthesis method for anatase MTNs using cetyl trimethylammonium bromide (CTAB) as a surfactant-directing and pore-forming agent [56] . The particles had a high surface area and a uniform mesopore. They showed a very high photocatalytic activity to the oxidation of Rhodamine B, exceeding that of the commercial catalyst Degussa P25: 97% of Rhodamine B was degraded within 2 h with the MTNs, and only 60% with Degussa P25. To further enhance the photocatalytic properties of these nanoparticles, the authors doped them with lanthanum ions [57] and achieved an even higher photocatalytic activity than with the undoped MTNs. This high photocatalytic activity is related to the large surface area, as well as the high density of active sites for combining with organic compounds induced by the lanthanum ions in the MSN framework. Following the same strategy, these authors also prepared cerium-doped MTNs [58] and observed an increase in surface area and thermal stability. However, while the cerium-doped MTNs exhibited a higher photocatalytic activity than P25, the maximum degradation rate of Rhodamine B was obtained with the undoped sample. This result was attributed to cerium partially blocking the active sites available for photodegradation. Recently, Dai et al have used the La-doped MTNs for environmental purposes. The authors addressed the degradation of phoxim, an organophosphorus pesticide with a high toxicity for biotic systems [59] .
As mentioned above, the photocatalytic activity can be improved by increasing the crystallinity of the material. This can be achieved with a high-temperature treatment; however, the annealing of typical mesoporous TiO 2 usually leads to an undesirable grain growth and a total collapse of the ordered mesoporous network. To overcome this problem, various metals have been used as dopants to increase the thermal stability of mesoporous titania, i.e. to prevent the rapid growth of anatase crystals in the framework [60] [61] [62] [63] . Zhou et al recently have reported a combination of an evaporation-induced self-assembly (EISA) with encircling ethylenediamine (EN) protectors and prepared thermally stable (above 700
• C) ordered mesoporous anatase TiO 2 with a high crystallinity, a large surface area and a large pore size (10 nm) [64] . The authors successfully tested the photocatalytic activity of this TiO 2 material for the degradation of highly toxic 2,4-dichlorophenol under UV irradiation. Oveisi et al also reported an outstanding antibacterial property of mesoporous anatase films prepared by the calcination of ordered mesoporous titania films (figure 4) [65, 66] . 
Photovoltaic applications
The marked increase in energy demand and the challenges of climate change have urged the development of alternative energy and sustainable environmental technologies. In addition, with the depletion of fossil fuels, it has become evident that environment-friendly energy sources should be used to create, transport and produce electricity from natural resources [67] . Dye-sensitized solar cells (DSSCs) are a promising substitute. Their action is based on the photoexcitation of dye molecules adsorbed on the surface of a thin film of a semiconductor, such as titania or ZnO nanomaterials acting as an anode electrode [68] [69] [70] [71] . DSSCs contain three main parts: the dye-sensitized semiconducting nanocrystalline film acting as the photoanode, the redox couple (usually I − 3 /I − ) in organic solvent(s), and the platinized transparent conducting oxide (TCO) glass as the counter electrode. The main part of the system is a nanocrystalline mesoporous TiO 2 film with a monolayer of the charge-transfer dye attached to its surface. The film is placed in a redox electrolyte (I − 3 /I − ). The photoexcitation of the dye injects electrons into the conduction band of TiO 2 , which can be conducted to the outer circuit to generate electric power. The dye molecules can be regenerated by the iodide ions in the electrolyte, and then the resulting triiodide ions can accept electrons from the platinized TCO counter electrode to complete the current cycle in a DSSC. Generally, the device generates electric power from light without undergoing any permanent chemical transformation.
TiO 2 is one of the most popular materials used in the porous film electrode of DSSCs, and its particle size and shape are crucial for the photoelectric conversion efficiency of DSSCs [72] . TiO 2 materials with different shapes, such as nanoparticles, nanotubes, nanowires and nanofibers, have been applied to fabricate the porous film electrodes [73] [74] [75] . It is expected that the large surface area and pore volume of MTNs will improve the dye absorption, thereby increasing the light absorption efficiency in DSSCs. To prove this idea, Khan et al synthesized nanocrystalline mesoporous titania of the anatase crystal phase for DSSC applications [76] . Its Brunauer-Emmett-Teller (BET) surface area and pore size were 80.1 m 2 g −1 and 2.7 nm, respectively. Films prepared from these MTNs were used as working electrodes for DSSCs, which were compared with the cells based on the commercially available P-25 (Degussa) nanoparticles. The authors obtained a fill factor of 51.12% with an energy conversion efficiency of 7.59% under 1 sun irradiation in the optimized mesoporous substrate used in the fabrication of DSSCs. They demonstrated that the surface area of MTNs affects the conversion efficiency of the DSSCs.
Zhao et al also synthesized MTNs for the fabrication of porous film electrodes. They evaluated the effects of the annealing temperature of porous electrodes on the photoelectrochemical properties of DSSCs [77] and found an optimum at 500
• C. The authors examined the kinetic processes in DSSCs using the electrical impedance spectroscopy and open-circuit voltage decay curves, and found that the bulk traps and the surface states within the porous electrodes affect the recombination reaction, and therefore the short-circuit current (I sc ) and open-circuit photovoltage (V oc ) of DSSCs. The mesostructures within the MTNs also improve the dye adsorption and thus the photoelectrochemical properties of DSSCs. The highest photoelectric conversion efficiency (10.12%) was measured for the DSSCs fabricated with MTNs; it was 3.79% higher than that of the P25-based DSSC. However, these mesoporous film-based solar cells lack depletion layers at the electrode/dye/electrolyte interfaces [78] . Therefore, the back electron transfer (i.e. charge recombination) at the interfaces still remains a major limiting factor for enhancing the cell performance. To overcome this issue, the surface of MTNs is coated with different materials, such as SiO 2 , Al 2 O 3 and ZrO 2 . Peng et al modified the surface of MTNs with Mg(NO 3 ) 2 solution through dipping followed by annealing [79] . They studied the effects of the Mg 2+ concentration on the surface states and charge recombination of the MTN electrode on the solar cell efficiency. The optimal efficiency was obtained for the MTN electrode modified with 0.2 M Mg 2+ solution, which was 39% higher than that in the unmodified electrode.
Different approaches have been developed to further enhance the photo-electrochemical performance of MTNs. For example, Patra et al observed the self-assembly of small MTNs when sodium salicylate was used as a template [80] . They also observed a significant enhancement of the photoelectrochemical response of MTNs under visible light irradiation after photosensitizer molecules (dye) were entrapped inside the mesopores. The authors projected that the efficient synthesis strategy and enhanced photoresponse of these mesoporous TiO 2 materials could facilitate the design of other porous semiconductor oxides and their applications in photon-to-electron conversion processes.
Flexible DSSCs are considered as another type of DSSCs that are handy and convenient for transportation. In particular, flexible DSSCs using thin and lightweight conducting plastic substrates as their photoelectrodes are cheap and suitable for roll-to-roll production. However, one critical problem that has restricted the development of plastic-based DSSCs is that the plastic substrate cannot be subjected to a high sintering temperature (450-550
• C) for improving the attachment of the TiO 2 particles to the substrate. Chen et al reported an electrophoretic deposition of MTNs as an alternative to the commercial TiO 2 particles (P90) and used the deposited MTN film as a photoelectrode for plastic DSSCs (figure 5). The synthesized MTNs with an average size of around 260 nm consist of primary anatase nanocrystallites (about 12.5 nm) and show fewer grain boundaries and defects, and higher dye-adsorption and light scattering than commercial P90 TiO 2 particles. Consequently, the MTN-based plastic DSSCs exhibited an excellent conversion efficiency of 5.25%, which was 1% higher than that of the cell containing P90 TiO 2 particles [81] .
Sensing applications
Mesoporous titania has recently been studied for gas sensor applications. For example, Devi et al found that ordered mesoporous TiO 2 exhibited higher H 2 and CO sensitivities than sensors fabricated from common TiO 2 powders owing to the increased surface area [82] . The sensitivity could be further improved by loading the sensor with 0.5 mol% of Nb 2 O 5 . Benkstein and Semancik found that mesoporous TiO 2 film platforms could be used as high-sensitivity conductometric gas sensor materials [83] . They attributed the high sensitivity to the large internal surface area in the mesoporous films.
Biomedical applications
Despite the growing interest and application of mesoporous TiO 2 materials in a wide variety of fields, little has been published on their biomedical applications. One reason for this could be that the preparation of nanostructured mesoporous titania materials is not trivial. Recently, Wu et al have reported the synthesis, characterization and biomedical application of MTNs (figure 6) [84] . The authors synthesized MTNs by the controlled hydrolysis of titanium (IV) ethoxide in ethanol. The nanoparticles had an average diameter of . To track the internalization in vitro, the authors took advantage of the strong interaction between titania and phosphate, and used a fluorescent probe flavin mononucleotide (λ ex = 460 nm; λ em = 530 nm). To evaluate the drug carrier properties of this platform, the authors loaded doxorubicin and monitored the release of the drug in solution and in vitro. The release of the drug was successfully observed in vitro by confocal microscopy. Moreover, the viability assay showed a decrease in proliferation after the cells have been incubated with doxorubicin-loaded MTNs. The authors demonstrated that MTNs could be an excellent drug delivery platform owing to their biocompatibility, ease of functionalization and high payload of therapeutic agents.
Conclusions
Mesoporous titania materials have been successfully applied in numerous fields. For photoelectronic applications, anatase-type crystalline mesoporous materials have been used in the photoelectrodes of DSSCs and as photocatalysts to solve global energy problems. Every application has its own requirement for the morphology of mesoporous titania. Therefore, the rational design and synthesis of mesoporous titania with controllable morphological and structural features are practically important. Research on the applications of mesoporous titania, such as sensing and drug delivery, is still in its early stages. We expect that more types of mesoporous titania will be used in sensors and intracellular nanovehicles for biomedicine in the near future.
